INTRODUCTION
The north-eastern margin of the Eurasian continent in the area of coastal Sikhote-Alin and Sakhalin has been affected by subduction since the Mesozoic (Zonenshain et al., 1990) , and by extension during formation of the Sea of Japan in the Cenozoic (Tamaki et al., 1992; Jolivet et al., 1995) (Fig. 1) . This region provides an important opportunity to study temporal changes in magma source regions accompanying the evolution of subduction-and extension-related magmatic provinces, and specifically during the opening of a back-arc basin (Sea of Japan). Until recently, little was known about the chemical composition of the Cenozoic volcanic rocks from Sikhote-Alin and Sakhalin, although previous studies suggested that there was a change from subduction-related to intraplate-type magmatism as the Sea of Japan opening progressed (Esin et al., 1995; Okamura et al., 1998a; Tatsumi et al., 2000) . Petrological and geochemical studies of these rocks have been used to evaluate the changing nature of the mantle source regions of the magmatism associated with this active continental margin. Based on a detailed Sr-Nd-Pb isotope study, Okamura et al. (1998a) identified temporal geochemical trends in the Sikhote-Alin and Sakhalin volcanic rocks that suggest that asthenospheric mantle flow from beneath north-east China, which resulted in the formation of intra-plate-type basalts, triggered the opening of the Sea of Japan. Conversely, Tatsumi et al. (2000) interpreted variations in the K/Y and K/Nb ratios of Sikhote-Alin basalts to indicate that subduction-related magmatism was terminated by opening of the Sea of Japan, and that intraplate-type magmas were subsequently produced. To gain a better understanding of the relationship of changing magma sources to the opening of back-arc basins, we have obtained a more comprehensive major-and trace-element and SrNd-Pb isotope dataset for the lavas of our previous study (Okamura et al., 1998a) . These new data are used to identify the most primitive magmas, evaluate the role of crustal contamination, constrain the nature of the mantle source regions, and develop models for magma generation processes. Comparisons are made between the chemical and isotopic composition of these lavas and those of north-east China, including the Middle MiocenePliocene Hannuoba basalts Fan & Hooper, 1991) and the Late Miocene-Holocene Mudanjian basalts (Fan & Hooper, 1991) shown in Fig. 1 . These data provide important constraints on the tectonic evolution of the Eurasian continental margin, and the relationship between extension-and subductionrelated magmatism during opening of the Sea of Japan.
GEOLOGICAL SETTING
Upper Cretaceous to Pliocene volcanic-plutonic rocks are widely distributed along the north-eastern Eurasian continental margin. The Mesozoic volcanic-plutonic belts developed in an Andean-type tectonic setting related to subduction of the Izanagi Plate (Zonenshain et al., 1990) . Subsequently, basaltic volcanism occurred along the Sea of Japan coast to the Tatar Strait during the Eocene to Early Pliocene (Fig. 2) . Changes in the compositions of the Cenozoic basaltic rocks reflect a change over 55 Myr from a supra-subduction zone-to a continental rift tectonic setting, as the Sea of Japan opened between eastern Sikhote-Alin and the islands forming Japan. Paleomagnetic studies indicate that sea-floor spreading has resulted in eastward migration of the Japan arc away from eastern Sikhote-Alin, producing the Japan and Yamato Basins (Otofuji & Matsuda, 1984; Otofuji et al., 1994) . Ar-Ar ages of seafloor basalts as well as the magnetic anomaly pattern in the Japan Basin indicate that sea-floor spreading occurred from about 28 to 18-Ma (Tamaki et al., 1992) . Based on field data, together with 30 K-Ar dates (Okamura et al., 1998b) , the volcanism of the SikhoteAlin and Sakhalin region comprises three distinct stages:
(1) subduction-related, active continental-margin volcanism in the Eocene-Oligocene (55-24 Ma) along the north-eastern edge of Eurasia, pre-dating and concurrent with the opening of the Sea of Japan, and contemporaneous with the eruption of extension-related, within-plate basalts associated with north-east-trending grabens in north-east China; (2) Early-Mid-Miocene (23-15 Ma) subduction-related volcanism surrounding the opening Sea of Japan in Sikhote-Alin-Sakhalin and the frontal Japanese island arc; relatively few samples from central Sikhote-Alin and Sakhalin have yielded dates in this period; (3) Mid-Miocene-Pliocene (14-5 Ma) volcanism in Sikhote-Alin and Sakhalin, post-dating the opening of the Sea of Japan, forming plateau basalts filling interfluves. The Mid-Miocene-Pliocene lavas occur along the Sea of Japan coast up to the Tatar Strait in central and south Sikhote-Alin, comprising five plateaux from north to south: Sovgavan, Nelma and Bikin in central Sikhote-Alin, and Shukotovo and Shufan in south Sikhote-Alin (Fig. 2) . The Mid-Miocene-Pliocene basaltic sequences are characterized by a large number of fissurefed lava flows, locally totalling $200 m thicknesses.
SAMPLES AND PETROGRAPHY
Cenozoic Sikhote-Alin and Sakhalin volcanic rocks include alkali olivine basalts, olivine basalts and basaltic andesites. CIPW norms indicate that compositions range from tholeiite (qz-and ol-normative) to alkali basalt (normative ne 5%) and basanite (ne > 5%) (Fig. 3 ). For simplicity, basanites are included with alkali basalts in the following discussion. The Early-Mid-Miocene lavas are ol-to qz-normative tholeiites, whereas the EoceneOligocene and Mid-Miocene-Pliocene lavas span a broad range from ne-to qz-normative compositions. More than 70% of the Middle Miocene-Pliocene basalts are qz-and ol-normative, with the remainder mildly to moderately ne-normative. The Sovgavan Plateau has a great thickness of qz-and ol-normative tholeiite flows (>230 m), with alkali basalts in lesser amounts mostly in the upper levels. The Nelma, Shukotovo and Shufan Plateaux are composed predominantly of quartz and olivine tholeiite flows, inter-layered with small amounts of alkali basalt (<1-5%) (Okamura et al., 1998b) . The Late Miocene-Holocene Mudanjian basalts consist of ne-normative (!5%) alkali basalts and basanites.
Point-counted phenocryst modes are listed in Table 1 
GEOCHEMISTRY Analytical methods
Major and trace element data for 41 rocks from SikhoteAlin, Sakhalin and Mudanjian from north-east China (Fig. 1 ) $800 km SW of Sikhote-Alin and Sakhalin are reported in Table 2 . A total of 93 samples have been analyzed, and all of these data are utilized in the figures. The complete dataset is included in Electronic Appendix A. Major element concentrations were analysed by X-ray fluorescence (XRF) using fused discs either at Hokkaido University or the Smithsonian Institution. Trace element concentrations were measured by XRF using pressed powder pellets at the Smithsonian Institution, and by inductively coupled plasma-mass spectroscopy (ICP-MS) at the Macquarie University Geochemical Analysis Unit and the Geoanalytical Laboratory of Washington State University. Rb, Sr, Sm and Nd concentrations in five samples were determined by isotope dilution (ID) at Okayama University (Table 3) . Precisions (reproducibilities, standard deviation 1s/ mean) for XRF are <1% for major elements, and around 5% for trace elements. Precisions for all ICP-MS and ID elements are <3%, except for Th and U at 9%.
Strontium and neodymium isotope analyses were determined for 38 samples; 17 of these were also analysed for lead isotopes (Table 3) . Pb-isotope analyses were performed by thermal ionization mass spectrometery at the University of California, Los Angeles (UCLA) using a VG 7-collector Sector 54 thermal source mass spectrometer. Sr and Nd isotope measurements were performed at Okayama University. Mass spectrometric analyses were made following the procedure of Kagami et al. (1987 Kagami et al. ( , 1989 . The Pb-isotope analyses are normalized to US National Bureau of Standards standard 981 (NBS981) values. Reproducibilities for Pb are 0Á05% per a.m.u. Blanks for Pb are <500 pg, and are 
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Major-element compositions
All of the studied samples have <56Á5 wt % SiO 2 . Major element oxides for the Sikhote-Alin and Sakhalin lavas are plotted vs MgO as an index of differentiation in Fig. 4 . A distinctive compositional feature of the basalts is broad scatter in K 2 O, Na 2 O, FeO, TiO 2 and P 2 O 5 contents of both the Mid-Miocene-Pliocene and the Eocene-Oligocene groups. The overall variations probably result from variable fractional crystallization effects superimposed on a range of parent melts. The EarlyMid-Miocene basalts comprise quartz and olivine tholeiites, characterized by higher CaO and lower TiO 2 , Na 2 O and P 2 O 5 than any other Sikhote-Alin and Sakhalin basalts at equivalent MgO contents. They fall into the tholeiitic field on the SiO 2 vs FeO * /MgO discriminant diagram (Miyashiro, 1974) , and have composition typical of island-arc tholeiites. TiO 2 contents are consistently lower in all the Early-Mid-Miocene basalts, and the Eocene-Oligocene basalts from Sakhalin, most of which contain <1 wt % TiO 2 compared with >1 wt % for all the Mid-Miocene-Pliocene basalts and the Eocene-Oligocene basalts from Sikhote-Alin.
Trace-element compositions
Among the Sikhote-Alin and Sakhalin volcanic rocks, a subset of the Early-Mid-Miocene tholeiites is distinctive on the basis of markedly low high field strength element (HFSE) abundances. The greatest depletion occurs at Nb and Ta on MORB-normalized trace-element variation diagrams (Fig. 5c ), similar to depletions that are commonly observed in island-arc volcanic rocks (Gill, 1981) . The Eocene-Oligocene lavas are characterized by both large ion lithophile element (LILE) and REE enrichments compared with the depleted Early-Mid-Miocene tholeiites, but also show a relative depletion in HFSE, even though Nb and Ta show only a weak negative anomaly compared with the adjacent elements (Fig. 5d) . The enriched Eocene-Oligocene basalts closely resemble active-continental-margin basalts which have an enriched subcontinental lithospheric mantle component in their source (Pearce, 1983) . Relatively high abundances of K, Ba and Pb are additional features of both the Early-Mid-Miocene and the Eocene-Oligocene rocks. The Mid-Miocene-Pliocene lavas from all the plateaux exhibit wide ranges in trace-element abundances and patterns that vary between two distinct endmember types. At one extreme, alkali basalts have fairly smooth MORB-normalized patterns (Fig. 5a ). These patterns are nearly indistinguishable from those of intra-plate, ocean island alkali basalts (OIB; e.g. Sun & McDonough, 1989) , consistent with their derivation from an asthenospheric mantle source, without significant contamination by lithospheric mantle or crustal material. In contrast, quartz and olivine tholeiites form the other extreme, exhibiting only slight light REE (LREE) enrichment, low LILE abundances, but high abundances of Ba, Pb and Sikhote-Alin have Nb and Ta depletions relative to K, and more closely resemble the trace-element patterns of the Eocene-Oligocene basalts (Fig. 5b) . The traceelement characteristics of spinel lherzolite xenoliths from Sikhote-Alin are very different from those of their host Mid-Miocene-Pliocene alkali basalts (Fig. 6) . The Sikhote-Alin peridotites have distinctively low contents of Th, U, Nb and Ta relative to LREE (Ionov et al., 1995) . The general shape of the xenolith trace-element patterns is not similar to that of the host basalt and other volcanic rocks from Sikhote-Alin and Sakhalin region. These features indicate no genetic relationships of the peridotites with their host volcanic rocks. Chondrite-normalized REE patterns for the MidMiocene-Pliocene basalts vary with the magma type, with LREE enrichment increasing systematically from quartz and olivine tholeiites to alkali basalt types (Fig. 7a) . The Early-Mid-Miocene tholeiites have flatter REE profiles, similar to those of MORB. REE enrichment appears to pivot about Dy-Tb in the EoceneOligocene basalts and the Mid-Miocene-Pliocene basalts ( Fig. 7a and c) . Heavy REE (HREE; Dy-Lu) abundances and (Dy/Yb) N ratios are thus essentially identical for all types and show no variation with the degree of SiO 2 -saturation. The Mid-Miocene-Pliocene basalts have a variable range in La/Yb and Tb/Yb, but on average, much lower ratios than the Hannuoba alkali basalts (Fig. 8) . The systematically different La/Yb, similar HREE abundances and the absence of HREE depletion in Fig. 7 (expected from melting of garnet lherzolite) suggest that partial melting of a spinel lherzolite mantle source occurred beneath the Sikhote-Alin and Sakhalin region. Lavas from the intraplate Hannuoba alkali basalts are strongly enriched in both La and Tb relative to Yb , suggesting melt generation from a garnetbearing source. The similar La abundances but systematically higher Yb abundances and lower La/Yb in the Mid-Miocene-Pliocene alkali basalts relative to the Hannuoba alkali basalts are best modeled by similar (small percent) extents of melting of a spinel lherzolite mantle source. Figure 9 illustrates the variation of Zr/Y with Zr/Nb. The wide range of incompatible-element abundances in the Sikhote-Alin and Sakhalin basalts defines a hyperbolic trend consistent with mixing of mantle sources of different composition. The Mid-Miocene-Pliocene basalts appear to show a coherent relationship. A mixing hyperbola is illustrated, calculated using the most extreme basalt compositions and the equations of Langmuir et al. (1978) . The data correspond well to the predicted mixing curve. Extrapolation of the mixing hyperbola towards lower Zr/Nb intersects the field of basalts from Hannuoba and Mudanjian. Extrapolation towards higher Zr/Nb ratios provides a compositional range for the other end-member with Zr/Nb > 38 and Zr/Y $ 4. This range of values falls within those of MORB (Sun & McDonough, 1989) . It is clear, however, that the Eocene-Oligocene basalts and some Mid-Miocene-Pliocene basalts lie off the mixing hyperbola.
Compatible trace elements such as Ni and Cr vary widely in concentration. Both are high in the MidMiocene-Pliocene basalts, up to 190 and 350 ppm, respectively, and, within this group, both elements show a strong correlation with MgO ( Fig. 10b and c) . These features are consistent with fractional crystallization of both olivine and pyroxene, and also chrome spinel. There is a crude positive correlation between MgO and Sc for the Mid-Miocene-Pliocene and EoceneOligocene lavas, suggesting that pyroxene fractionation may contribute to the Cr variation in addition to Cr-spinel. The Early-Mid-Miocene lavas have high Sc contents (Fig. 10a) and pyroxene fractionation seems to be precluded as an explanation for their low Cr contents. Compared with the Mid-Miocene-Pliocene quartz tholeiites with similar MgO contents, the Mid-MiocenePliocene alkali basalts have lower Ni and Cr contents (Fig. 11) , approaching those of the Mudanjian alkali basalts south-west of Sikhote-Alin. The most primitive Mid-Miocene-Pliocene lavas contain 7-9 wt % MgO, but most are not sufficiently Mg-rich to be in equilibrium with Fo 90 mantle olivine. Thus, they are unlikely to represent primary mantle melts but have undergone small amounts of olivine fractionation, probably <5%, based on whole-rock Ni concentrations >150 ppm in the primitive magmas compared with >235 ppm in primary mantle-derived melts (Sato, 1977) . The Mid-MiocenePliocene basalts lie below the model melting curves in Fig. 11b , calculated for low (1%) and high (20%) degrees of melting according to the model proposed by Hart & Davis (1978) . These characteristics are more consistent with 5-15% olivine fractionation, as shown by the model fractionation trends calculated for the removal of olivine from the MgO-rich primary magmas. In Fig. 11b , we note that primary melts of low MgO content will have relatively low Ni contents. Hart & Davis (1978) suggested that MgO contents for parental liquids from natural basaltic series range from 6 to 13 wt %, and that hydrous partial melting of peridotite leads to magmas with high SiO 2 and low MgO contents, resulting in high D Ni and low primary Ni contents. These calculations suggest that the most magnesian alkali basalts may have experienced >5% olivine fractionation from a primary melt with more than 10 wt % MgO, whereas the quartz tholeiites could have experienced only 1-2 wt % olivine fractionation from a melt with less than 7 wt % MgO. The EoceneOligocene and Early-Mid-Miocene basalts, characterized by lower Ni and Cr contents (Fig. 10b and c) , are clearly not primary melts (in the sense of being in equilibrium with a Fo 90 -En 90 dominated upper mantle) and must have undergone considerable olivine fractionation.
Sr-Nd-Pb isotopic compositions
The Sikhote-Alin and Sakhalin samples exhibit a significant range of 87 Sr/ 86 Sr and 143 Nd/ 144 Nd (Fig. 12) . Two broad groups can be distinguished: (1) (Hofmann, 1997) or a lower-crustal component (Zartman & Haines, 1988 Pb, low 207 Pb/ 204 Pb end of the NHRL, and plot on the left side of the 4Á55 Ga geochron, similar to the Parana flood basalts of Brazil (Hawkesworth et al., 1986) , Indian MORB (Mahoney et al., 1989 (Mahoney et al., , 1992 , and basalts from eastern China Zhang et al., 1998) . Low 206 Pb/ 204 Pb ratios may indicate a significant role for the continental lithosphere in basalt petrogenesis as an ancient (>10 9 year), isolated mantle reservoir (e.g. Michard et al., 1986; Price et al., 1986) are also plotted. Normalizing values from Sun & McDonough (1989) .
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JOURNAL OF PETROLOGY VOLUME 46 NUMBER 2 FEBRUARY 2005 are well outside the range of oceanic basalts, but the closest in composition to the hypothetical end-member EMI or lower crust.
DISCUSSION Crustal assimilation vs enriched lithosphere
Based on incompatible-element abundances, particularly the depletions in Nb and Ta relative to elements of similar incompatibility in upper-mantle melting processes, it is evident that the petrogenesis of the Eocene-Oligocene basalts and some Mid-MiocenePliocene tholeiites differs from that of oceanic island (1990) . Symbols as in Fig. 3 . Fig. 9 . Zr/Y vs Zr/Nb for Sikhote-Alin-Sakhalin volcanic rocks and Mudanjian alkali basalts. Dotted line is mixing hyperbola calculated between the two extreme points of the dataset, using the equations of Langmuir et al. (1978) . N-MORB composition (open cross) from Sun & McDonough (1989) . Hannuoba alkali basalts as in Fig. 8 . Symbols as in Fig. 3 . 
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tholeiites, and is perhaps more similar to that of continental flood basalts, such as the Columbia River (USA) and Karoo (southern Africa) (Wright et al., 1989; Hooper & Hawkesworth, 1993; Lassiter & DePaolo, 1997) . Many continental flood basalts have pronounced depletions in HFSE relative to within-plate basalts from oceanic settings, as indicated, for example, by low Nb/La (Arndt & Christensen, 1992) . Average continental crust is also strongly depleted in HFSE (Taylor & McLennan, 1985) . These observations have led many researchers to conclude that the low Nb/La characteristics of many continental flood basalt suites require crustal assimilation rather than assimilation of continental lithospheric mantle (Arndt et al., 1993; Brandon and Goles, 1995) . If the Ta depletion in most Sikhote-Alin and Sakhalin basalts is taken as evidence for crustal assimilation, we would expect a positive correlation between La/Ta and La/ Sm, because upper continental crust or moderate-degree partial melts of the lower continental crust will, in general, be enriched in LREE (Taylor & McLennan, 1985) . Figure 15 shows La/Sm-La/Ta variations for lavas of the Sikhote-Alin and Sakhalin region. Some lavas do possess relatively high La/Sm and La/Ta values consistent with crustal assimilation. In particular, the EoceneOligocene basalts from north and south Sikhote-Alin have elevated La/Sm and La/Ta. However, the MidMiocene-Pliocene lavas have variable La/Sm but low La/Ta, and therefore do not appear affected by assimilation of continental crust. The Mid-Miocene-Pliocene alkali basalts have high La/Sm and very low La/Ta similar to those of the East Asian continental alkali basalts, such as Hannuoba. Significantly, the very high La/Ta of the Early-Mid-Miocene basalts, combined with low and constant La/Sm, suggest that the basalts have not experienced significant crustal contamination, but instead were derived from a HFSE-depleted MORBsource mantle component. Lavas with higher La/Sm, which probably have assimilated crustal material, are restricted to some Eocene-Oligocene basalts. There are two principal hypotheses that can explain the Sr-Nd-Pb isotopic and trace-element characteristics of the Mid-Miocene-Pliocene basalts. They may represent (1) mixing between asthenosphere-derived melts (e.g. alkali basalt) and partial melts of metasomatically enriched, ancient lithospheric mantle, or (2) mixing between asthenosphere-derived melts and partial melts of continental crust or the products of AFC processes. It is clear from the above discussion that some EoceneOligocene quartz tholeiites that display positive covariation of La/Sm and La/Ta may have experienced relatively minor crustal contamination. Some workers (Zindler & Hart, 1986; Hart, 1988) ; LCC, lower continental crust (Zartman & Haines, 1988) ; BE, Bulk Earth. Data from Hannuoba , north-east Honshu (Kersting et al., 1996) and Pacific and Indian MORB (Hickey-Vargas, 1991) are shown for comparison. Japan Sea BABB and Japan Sea CRB as in Fig. 5 . Symbols as in Fig. 3 . 2005 have attempted to explain the HFSE depletion in continental flood basalts by the contamination of OIB-like magmas with continental crust (e.g. Thompson et al., 1983) . Ormerod et al. (1988) argued that the low Nb contents of the US Basin and Range lavas (10-20 ppm) could not be generated by any crustal contamination scheme involving an OIB-type (asthenospheric) parental magma ( $50 ppm Nb) as something of the order of 150-400% crustal material would have to be assimilated.
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Similarly, to reduce the concentration of Nb in the MidMiocene-Pliocene OIB-type alkali basalts from a range of 40-70 ppm to the 4-20 ppm range characteristic of the Mid-Miocene-Pliocene quartz tholeiitic basalts would require the addition of large amounts of crustal material, assuming the latter was entirely devoid of Nb. The compatible trace-elements systematics (Fig. 11) suggest that the most magnesian Mid-Miocene-Pliocene alkali basalts have experienced >5% olivine fractionation from a Pb for Sikhote-Alin-Sakhalin volcanic rocks. UCC, upper continental crust (Zartman & Haines, 1988) ; FOZO, focal zone (Hart et al., 1992; Hauri et al., 1994) ; NHRL, Northern Hemisphere reference line (Hart, 1984) . Field for Pacific sediments (Cousens et al., 1994) is shown for comparison. Symbols and data sources as in Figs 3 and 12. primary melt and the quartz tholeiites only 1-2% olivine fractionation. The Mid-Miocene-Pliocene basalts could, therefore, be relatively unmodified mantle melts. Thus, the relative depletions in HFSE cannot result from crustal contamination, but rather reflect the original composition of the mantle source region. The currently available data, therefore, suggest that mixing between mantle-derived alkali basalts and partial melts of continental crust (or AFC) cannot explain all the Sr-Nd-Pb isotopic and traceelement characteristics of the Mid-Miocene-Pliocene tholeiites from the Sikhote-Alin and Sakhalin region.
Identification of source components
Significantly, the higher Ba/Nb and Rb/Nb in the Eocene-Oligocene basalts are characteristics that have typically been associated with subduction-related magmas (Pearce, 1983) . These similarities suggest that subduction processes have played some role in the petrogenesis of the Eocene-Oligocene basalts. Fluids driven off a subducting slab inherit their elemental and isotopic characteristics from the subducted oceanic crust, including pelagic sediment, and could, therefore, be very similar to those inferred to have affected the lithospheric mantle beneath the Sikhote-Alin and Sakhalin region. These fluids will infiltrate and metasomatize the overlying mantle wedge, which may eventually become accreted to the subcontinental mantle, just as island arc material eventually becomes accreted to the continental crust (Othman et al., 1989) . Most of the Sr-Nd-Pb-isotope compositions of the Eocene-Oligocene and Early-Mid-Miocene basalts erupted pre-and syn-opening of the Sea of Japan define an array consistent with mixing of two geochemically distinct mantle components-EMII and DMM. The Eocene-Oligocene basalts and Early-Mid-Miocene basalts from central Sikhote-Alin and Sakhalin, respectively, exhibit positive correlations between La/Yb and 87 Sr/ 86 Sr (Fig. 16a) Fig. 3 . Age data from K-Ar dating (Okamura et al., 1998b) . Fig. 15 . La/Sm vs La/Ta for the volcanic rocks of the Sikhote-Alin-Sakhalin, the Mudanjian and Hannuoba basalts . Symbols and data sources as in Figs 3 and 8.
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THE ROLE OF LITHOSPHERE VERSUS ASTHENOSPHERE ratios of both central Sikhote-Alin and Sakhalin basalts decrease with decreasing age of eruption of the basalts (Fig. 16b) . We suggest on this basis that the sites of magma generation beneath Sikhote-Alin and Sakhalin moved down from the subduction-modified, EMII-like mantle lithosphere to the MORB-source asthenosphere as spreading progressed in the Sea of Japan. Paleomagnetic studies indicate that eastward migration of the Japan arc away from eastern Sikhote-Alin has produced the Japan and Yamato Basins (Otofuji & Matsuda, 1984; Otofuji et al., 1994 Pb/ 204 Pb value than the NHRL (Fig. 13) . We suggest that asthenosphere of Indian Ocean MORB source type composes at least part of the Sikhote-Alin-Sakhalin mantle wedge and that there is no contribution of asthenosphere of Pacific Ocean MORB-source mantle to the Cenozoic volcanism of the north-eastern Eurasian margin. Asthenospheric mantle of Indian Ocean MORB-source type, therefore, must have upwelled from beneath the zone of rifting and migrated laterally as the back-arc basin developed between eastern Sikhote-Alin and the Japan arc.
The Sea of Japan basement comprises continental rift tholeiites and back-arc basin basalts erupted during opening in the Early Miocene (Pouclet et al., 1995 Nd, resembling the Eocene-Oligocene basalts (Figs 5 and 12) . The latter back-arc basin basalts have neither enrichment nor depletion of LILE, and nearly flat REE patterns intermediate between those of island arc tholeiites and MORB (Fig. 5c) . The back-arc basin basalts are the closest in isotopic composition to depleted MORB with low 87 Sr/ 86 Sr and high 143 Nd/ 144 Nd, similar to those of the Early-Mid-Miocene basalts (Fig. 12) . Pouclet et al. (1995) proposed that during opening of the Sea of Japan, the mantle source regions involved in magma genesis were (asthenospheric) depleted mantle forming back-arc basin basalts, and subcontinental lithosphere of EMII-like composition (forming continental rift tholeiites), strongly contaminated by subduction-related components.
The Early-Mid-Miocene basalts are distinctive because they have generally lower trace-element concentrations than any other Sikhote-Alin and Sakhalin basalts. The most striking geochemical feature is the relatively low abundance of the HFSE with respect to the LILE-a geochemical feature commonly found in island-arc volcanics (Gill, 1981) . The Early-MidMiocene basalts are also depleted in HFSE, Y and HREE relative to the back-arc basin basalts from the Sea of Japan basement (Fig. 5c ), and they appear to have been derived from mantle sources that are more depleted in incompatible elements than those tapped during formation of the Sea of Japan back-arc basin basalts. Source depletion by melt extraction, prior to arc magma genesis, explains the similar degree of Y depletion and, by analogy, the HREE depletion, to that of HFSE in island arc basalts (Woodhead et al., 1993) . Pearce & Parkinson (1993) and Woodhead et al. (1993) argued that island arc basalts can be produced by melting of depleted, residual mantle sources after prior back-arc basin basalt melt extraction. The Early-Mid-Miocene basalts are characterized by higher LILE relative to MORB, but low absolute concentrations of Nb, Ta, Zr and Hf, requiring a petrogenesis involving re-fertilization (metasomatism) of a depleted mantle source to create a LILE-enriched source. An appropriate working petrogenetic model is that the Early-Mid-Miocene basalts were derived from a depleted residual asthenospheric mantle source after the back-arc basin basalts had been extracted, closely associated with an influx of LILEenriched but HFSE-depleted subduction-related melts or fluids. The marked porphyritic character of the Early-Mid-Miocene basalts, compared with other Sikhote-Alin and Sakhalin suites, is documented in Table 1 . It is noteworthy that although the overall phenocryst assemblage is the same in the Early-Mid-Miocene as in the other Sikhote-Alin and Sakhalin lavas, some plagioclase core compositions are strikingly anorthitic, consistent with higher water contents in the magmas (Arculus & Wills, 1980) . Higher water contents and lower eruption temperatures may have been factors leading to a greater degree of crystallinity of the EarlyMid-Miocene basalts.
The decoupling of trace-element and Sr-Nd-Pbisotopic ratios in the Sikhote-Alin and Sakhalin lavas, and their contrast with the trace-element patterns characteristic of OIB, suggest that local mantle source enrichment processes, operating over varying time-scales, have played a role in the petrogenesis of the magmas. The relatively minor Mid-Miocene-Pliocene alkali basalts were erupted during the late stage of the lava sequences. The normalized trace-element abundance patterns of the Mid-Miocene-Pliocene alkali basalts are more similar to those of Hawaiian alkali basalts, which are generally considered to be plume-related. OIB are thought to be the products of partial melting of several components within the mantle (Zindler & Hart, 1986) , one of which (EMI) may be recycled continental lithospheric mantle (McKenzie & O'Nions, 1983) . This clearly complicates the recognition of lithospheric mantle signatures. However, OIB undoubtedly represent magmas mostly generated within the asthenosphere, with or without source component additions from mantle plumes. The trace-element characteristics of the uncontaminated Mid-Miocene-Pliocene alkali basalts are similar to those of the Hannuoba alkali basalts (Figs 9 and 15), consistent with melting of asthenospheric mantle at depth . Barry & Kent (1998) claimed that OIB-like Cenozoic basalts have been erupted in eastern China, Mongolia and Siberia since at least 30 Ma, concurrent with subduction-related active continental-margin volcanism in the Eocene-Oligocene within the Sikhote-Alin and Sakhalin region. The OIB and MORB data arrays in Sr-Nd-Pb-isotope space trend toward a focal zone (FOZO in Figs 13 and 14) between DMM and HIMU; FOZO might be a component from the lower mantle (Hart et al., 1992) or the Transitional Zone (Hanan & Graham, 1996) . On the basis of their isotope systematics, the Mid-Miocene-Pliocene alkali basalts may have been derived from an OIB-type mantle source mixed with a FOZO-like component.
We can be confident that deviations from intraoceanic OIB compositions must represent input from additional sources. The Mid-Miocene-Pliocene tholeiitic magmas are characterized by low 206 (Hofmann, 1997) (Fig. 13) . These characteristics were originally referred to as the DUPAL anomaly-a circumglobal anomaly related to a temporally persistent mantle convection system centered on latitude 30 S (Hart, 1984) . The distribution of Dupaltype oceanic basalts within the Southern Hemisphere was linked to a sublithospheric mantle reservoir, either derived from mantle plumes involving significant amounts of ancient subducted sediments (Hart, 1988; Castillo, 1988) or thermally eroded Gondwana lithospheric mantle (Hawkesworth et al., 1986) . For example, ancient continental lithosphere with a Dupal signature was considered to be dispersed and incorporated into the Indian Ocean MORB source during the break-up of Gondwana (Mahoney et al., 1989 (Mahoney et al., , 1992 . Similar Pbisotope characteristics, and broadly similar Sr-and Nd-isotope compositions, are observed in the nearby, contemporaneous, East Asian basalts, such as the Hannuoba tholeiites (Figs 13 and 14) . For Hannuoba, Zhi et al. (1990) and Song et al. (1990) attributed the DUPAL isotopic characteristics of the tholeiites to melting of ancient subcontinental lithospheric mantle during continental extension, and the distinct characteristics of the alkali basalts either to melting of the lowermost lithosphere or the asthenophere. Thus, by inference, it appears that the low 206 Pb/ 204 Pb characteristics of the Mid-Miocene-Pliocene tholeiitic magma is likely to be a lithospheric mantle feature.
In summary, we suggest that there is an indication that mixing of mantle sources was an important process in the origin of the Mid-Miocene-Pliocene basalts erupted post opening of the Sea of Japan, with end-members being an enriched OIB-type mantle source similar to FOZO, and an EMI-type mantle source. The Nb and Ta depletions in some of the Mid-Miocene-Pliocene tholeiites (Fig. 5b ) are more consistent with a subduction-modified mantle source. We conclude that the Mid-Miocene-Pliocene tholeiitic basalts require a significant contribution from an enriched EMI-type Precambrian subcontinental lithospheric mantle source, in part possibly modified by ancient (>10 9 year) metasomatism above a subduction zone. The Eocene-Oligocene and Early-Mid-Miocene basalts have EMII-and DMM-type signatures and do not show any conclusive geochemical signatures for derivation from FOZO-and EMI-type mantle sources during the pre-and syn-opening phases.
Lateral variation of lithospheric thickness
The Mid-Miocene-Pliocene basalts have lower La/Yb and Tb/Yb ratios than the Hannuoba alkali basalts (Fig. 8) . The systematically different La/Yb and similar HREE abundances could have been produced by melting of spinel lherzolite beneath the Sikhote-Alin and Sakhalin region. Because the Hannuoba alkali basalts and the Mid-Miocene-Pliocene alkali basalts are characterized by similar isotopic signatures (e.g. Nd-and Sr-isotope ratios intermediate between those of MORB and inferred for the Bulk Earth), the REE differences between the Hannuoba and the Mid-Miocene-Pliocene basalts (Fig. 8) are to be expected given the tectonic settings of the two provinces. The transition from spinel to garnet lherzolite close to the peridotite solidus probably occurs at pressures in excess of 2Á5 GPa (Hirschmann & Stolper, 1996) . As these minimum depths of melt separation are correlated with thickening of the lithosphere from the continental margin (SikhoteAlin and Sakhalin region) to the continental interior (Hannuoba), they may reflect dominantly asthenospheric melting for the intra-plate, OIB-like alkali basalts. The more pronounced garnet signature in the REE patterns of relatively uncontaminated Hannuoba alkali basalts compared with the Mid-Miocene-Pliocene basalts is consistent with the interpretation that the Hannuoba basalts are primarily generated through small degrees of partial melting of hot mantle beneath a thick lithospheric lid.
Abundant spinel lherzolite xenoliths are present in the Mid-Miocene-Pliocene alkali basalts in the Sikhote-Alin region. Ionov et al. (1995) reported spinel lherzolites with accessory plagioclase from the Koppy River near the Sovgavan and Nelma Plateaux, which suggests a shallow source region for the xenoliths at a depth of $50 km, within the transition between the plagioclase lherzolite and spinel lherzolite stability fields. Geophysical data indicate relatively thin crust ( $25-30 km) beneath eastern Sikhote-Alin (Karp & Lelikov, 1990) . Projections of estimated primary basalt (melt plus $6% of fractionated olivine) compositions for Mid-MiocenePliocene basalts from the Sikhote-Alin and Sakhalin region in the pseudoternary system olivine-plagioclasequartz (Olv-Plag-Qtz), using the procedure of Takahashi (1986) , are shown in Fig. 17 . One interpretation of the projected data relative to high-pressure cotectics is that primary magma segregation for all primitive basaltic compositions occurred at depths of less than 70 km ( $2 GPa or 20 kbar). Therefore, petrological and geophysical evidence is consistent with the existence of a thin lithospheric lid beneath the Sikhote-Alin and Sakhalin region. The basalt-hosted xenoliths from Hannuoba are dominantly spinel lherzolite with subordinate amounts of pyroxenite and garnet lherzolite (Tatsumoto et al., 1992) . Fan et al. (2000) suggested that seismic, heat flow and thermobarometric data indicate that the present-day lithosphere beneath eastern China is $80 km thick. The geochemical differences between the Hannuoba alkali basalts and the Mid-Miocene-Pliocene alkali basalts probably represent a lateral variation in lithospheric thickness from eastern China to the Sikhote-Alin and Sakhalin region (Sea of Japan).
The major-and trace-element compositions of the spinel lherzolite xenoliths from Sikhote-Alin provide evidence of depletion and enrichment events and indicate large-scale mantle heterogeneities within accreted lithospheric blocks of different provenance and metasomatism during continental rifting (Ionov et al., 1995) . Ionov et al. (1995) suggested that the higher oxygen fugacity inferred in the mantle beneath Sikhote-Alin (Ionov & Wood, 1992) relative to inland central Asia may be a regional feature related to the fact that Sikhote-Alin is located close to the continental margin. We propose that the metasomatic event recorded in the thin lithospheric mantle beneath Sikhote-Alin resulted from continental rifting closely related to the opening of the Sea of Japan. Cenozoic basalts and associated mantle xenoliths from eastern China indicate that an EMII mantle domain may be present in the Chinese continental lithosphere just above an EMI domain in the lower part of the lithosphere (Tatsumoto et al., 1992) . As the Eocene-Oligocene and Early-Mid-Miocene basalts have EMII-and DMM-type signatures and fail to show any conclusive geochemical signatures for derivation from an EMI-type enriched subcontinental lithospheric mantle during the pre-and syn-opening phases, the mantle lithosphere under Sikhote-Alin and Sakhalin may have preserved only the EMII mantle domain ( Fig. 18a and b) . The appearance of FOZO-and EMI-type components in the post-opening Mid-Miocene-Pliocene basalts may reflect mantle flow into the region through asthenospheric injection under north-east China that led to thinning of the subcontinental lithosphere via partial delamination. The source of the FOZO-related alkali basalts was most obviously tapped during post-opening magmatism. If we assume that the FOZO-type component was derived from the upwelling asthenosphere beneath north-east China, then it is likely that the Japan Sea opening and associated magmatism in the back-arc basin were triggered by lateral migration of the FOZO-type asthenospheric mantle from beneath north-east China toward the Japan arc ( Fig. 18b and c) .
CONCLUDING REMARKS
High Ba/Nb and Rb/Nb in the Eocene-Oligocene samples suggest that subduction processes have played a role in the petrogenesis of basalts of this age. The Early-MidMiocene basalts are the closest in isotopic composition to depleted MORB, similar to the back-arc basin basalts from the Sea of Japan. On the other hand, these basalts are characterized by higher LILE relative to MORB, but low absolute concentrations of HFSE, Y and HREE relative to the back-arc basin basalts. Thus, the most likely petrogenetic model is that the Early-Mid-Miocene basalts were derived from depleted residual asthenospheric mantle after the back-arc basin basalts were produced, and were closely associated with an influx of highly LILE-enriched and HFSE-depleted melt or fluid related to subduction. The Sr-Nd-Pb isotopic and traceelement systematics of the Eocene-Oligocene basalts and Early-Mid-Miocene basalts suggest that the sites of magma generation beneath the Sikhote-Alin and Sakhalin region have moved from subduction-enriched lithosphere deeper into MORB-type asthenosphere as spreading progressed in the Sea of Japan. Normative components are calculated following expressions given by Grove et al. (1992) . All components have been normalized to equal oxygen units. The compositions of anhydrous partial melts of peridotite formed at 1-3 GPa (10-30 kbar) (Hirose & Kushiro, 1993) are shown by continuous lines.
The post-Sea of Japan opening Mid-Miocene-Pliocene lavas exhibit wide ranges in trace-element abundances that vary between two distinct end-member types. The minor Mid-Miocene-Pliocene alkali basalts have OIBlike trace-element and Sr-Nd-Pb-isotope compositions, similar to the Hannuoba alkali basalts from the East Asian continent, consistent with melting of asthenospheric mantle at depth. By contrast, the Mid-MiocenePliocene tholeiites form the other extreme with HFSE concentrations that are much lower than those of elements of similar incompatibility. The relative depletions in HFSE are not a feature of crustal contamination processes, but rather reflect lithospheric mantle source region. The wide range of incompatible-element abundances in the Mid-Miocene-Pliocene basalts defines coherent trends consistent with mantle mixing between an isotopically enriched FOZO-type asthenospheric mantle and an isotopically enriched EMI-type subcontinental lithospheric mantle. The similar isotopic signatures but systematically different REE abundances in the Mid-Miocene-Pliocene alkali basalts and East Asian continental basalts are best modeled by similar extents of melting of spinel lherzolite and garnet lherzolite, respectively. These melting conditions are correlated with thickening of the lithosphere from the continental margin (Sikhote-Alin and Sakhalin region) to the continental interior (East Asian continent). We propose that a heating event closely related to the opening of the Sea of Japan might have resulted in formation of a thin lithospheric lid beneath the Sikhote-Alin and Sakhalin region. 
